The barrier function of the intestinal mucosa is immature in the newborn mammal, and is strengthened by breast milk. We investigated this effect of breast milk by comparing the susceptibility to infection assessed in terms of adherent bacterial colonization of the intestinal tissue (AdC) and bacterial translocation (BT) between breast-fed and formula-fed newborn rats. Threeday-old rat pups were assigned to one of three groups: motherreared (MR), pseudo-cannulated (sham), and artificially reared (AR). AR rats were infused with formula through an intragastric cannula, under the control of a computer-regulated pumping machine. MR and sham rat pups were reared with their respective dams and received breast milk until weaning in a specially designed cage. In 10-d-old rats, there was no significant difference in the fecal or cecal flora between the AR and MR groups, whereas the AdC and the BT to the liver were greater in the AR than MR group. Enterobacteriaceae, Streptococcus and/or Enterococcus, and Staphylococcus were dominantly detected as microorganisms in AdC flora and BT. The AdC flora did not directly reflect the bacterial colonization flora. These findings suggest that AR rat pups mature normally, although there is a greater colonization of Enterobacteriaceae and BT in AR than MR pups. Consequently, the intestinal barrier function of the pups reared by artificial feeding may become susceptible to BT, and AdC may be more indicative than bacterial colonization of the susceptibility to BT. Recent advances in the quality of infant formulas have increased their similarity to human breast milk. Moreover, there are no major differences in the physical appearance of breast-fed and formula-fed infants. However, breast-fed infants have a lower morbidity and mortality than formula-fed infants. Studies have demonstrated significant infant protection against diarrhea, respiratory tract infections, otitis media, bacteremia, bacterial meningitis, botulism, urinary tract infections, necrotizing enterocolitis, and other diseases while the infant is receiving breast milk (1-5). There is also good evidence of continued protection against these medical conditions for years after breast-feeding has terminated (1, 6 -11).
Recent advances in the quality of infant formulas have increased their similarity to human breast milk. Moreover, there are no major differences in the physical appearance of breast-fed and formula-fed infants. However, breast-fed infants have a lower morbidity and mortality than formula-fed infants. Studies have demonstrated significant infant protection against diarrhea, respiratory tract infections, otitis media, bacteremia, bacterial meningitis, botulism, urinary tract infections, necrotizing enterocolitis, and other diseases while the infant is receiving breast milk (1) (2) (3) (4) (5) . There is also good evidence of continued protection against these medical conditions for years after breast-feeding has terminated (1, 6 -11) .
We previously reported in a rat study that BT to the liver was greater in formula-fed AR rat pups than in breast-fed rat pups (12) . It was suggested that the outcome is the result of a difference in the intestinal microflora and maturation of the intestinal mucosa.
There are reports on the development of the intestinal microflora in newborn animals, and studies have compared the intestinal microflora of breast-fed and formula-fed newborns. However, few reports have examined the role of the intestinal microflora and adherent bacteria in relation to infectious risks to the newborn during the suckling and weaning periods. In aerobic fecal microflora in human milk-fed and formula-fed infants in the intensive care unit, Staphylococcus was most dominantly detected at greater than 60% (13) . There have been many studies about the pathogenesis of Staphylococcus involving a receptor-mediated-like host-collagen-binding adhesin (14) . Stapylococcal aureus collagen adhesion was identified as a virulence determinant in experimental septic arthritis (15) . This collagen adhesion was detected in many pathogens such as Escherichia coli O157:H7 (16) and Salmonella (17) . From these findings, the bacterial adhesion to the host epithelia would appear to be most important to pathogenic infection. On
METHODS

Our institute's Committee for Research on Experimental
Animals approved the experimental protocol. Experiments were conducted in accordance with the National Research Council (NRC) Guide for the Care and Use of Laboratory Animals (NRC, 1985) .
Animals. Pregnant time-dated Sprague-Dawley rats were purchased from Japan SLC (Shizuoka, Japan). All animals were housed individually, under controlled temperature (25 Ϯ 2°C), humidity (55 Ϯ 2% relative humidity), and light (12-h light-dark cycle). Rats had free access to water and chow (CA-1; Japan Clea, Tokyo, Japan). All deliveries were spontaneous, and 3 d after birth the rat pups were weighed and randomly assigned to one of three groups: MR, sham, and AR. The pups of the MR group (10 pups) were reared by their mother throughout the study. In the AR group, an intragastric cannula was implanted in 3-d-old pups, and these pups were artificially reared using the method of Kanno et al. (19) . In the sham group, intragastric pseudo-cannulation was also performed in 3-d-old pups, but the cannula was not left in place. Each sham-operated rat pup was returned to its mother 3 h after surgery for rearing until weaning or completion of the study period. These artificial rearing methods were described in our previous study (12) , which involved implanting a cannula in the stomach. The milk-pumping side of the cannula tube was passed from inside to outside of the walls of the stomach and abdomen using a guide made of piano wire, and the inner gastric side of the cannula was stopped by a rim with a thin plastic cover to prevent it from being dislodged. Suckling rats begin to nibble on solid food at around 15 d of age. To prevent this activity, 10-d-old rats and pups in the MR and sham groups were placed in a specially designed cage that denied them access to the food provided for the dams.
Artificial rearing of rats. The milk formula used for the AR rat pups was prepared by the method of Kanno et al. (19) under aseptic conditions, and its composition is shown in Table 1 . Kanno et al. (19) prepared a refined formula, the composition of which closely resembled that of rat milk, although the protein components were whey protein isolates and casein from bovine milk. The formula was dispensed into 50-mL sterilized polypropylene bottles, and stored frozen at Ϫ40°C. The osmotic pressure and pH of the formula milk were 352 and 6.30, respectively. The frozen formula was sterilized by gamma ray irradiation (30 kGy).
The rat pups were given the milk formula by means of intermittent gastric infusion (15-min infusion every 60 min), which was controlled by a computer. The volume of formula milk given to the pups was determined daily so as to match the growth observed in pups in the MR group-delivery of formula milk to the respective pup was increased from 1.8 mL per day at 4 d of age to 6.6 mL at 21 d of age. The syringe on the pump was placed in a refrigerator (5°C) to prevent bacterial growth in the milk formula inside the tubes. Rats were killed if their cannula fell out during artificial rearing. Microbiologic methods. Each morning, fecal samples were harvested by stroking the anogenital area of each rat with a wet cotton swab. Cecum samples were obtained after organ removal for the BT examination. The cecum samples were immediately placed in preweighed sterile tubes filled with CO 2 gas and weighed. The tubes were then placed in an anaerobic chamber, maintained with an atmosphere of 10% CO 2 , 10% H 2 , and 80% N 2 . The specimens were homogenized with prereduced diluent buffer, and, after homogenization, serial 10-fold dilutions of the homogenates were prepared from each sample. Aliquots (100 L) of each diluent were applied to prereduced BL agar (Eiken, Tokyo, Japan) as a nonselective medium for anaerobes, LBS agar (Becton Dickinson and Company, Cockeysville, MD, U.S.A.) for Lactobacillus and modified NBGT agar for Bacteroides (modified by Yasui et al. (19a) ). The plates were incubated anaerobically at 37°C for 48 to 72 h. Dilutions were also plated onto TS agar (Becton Dickinson) as a nonselective medium for aerobes, TATAC agar for Enterococcus and Streptococcus, McConkey agar (Eiken) for Enterobacteriaceae, and Staphylococcus medium 110 agar (Eiken) for Staphylococcus. The plates were incubated aerobically at 37°C for 24 to 48 h. After incubation, bacteria were identified by observing the shapes of the bacterial colonies and their cellular morphology, Gram staining, and the aerobic and anaerobic growth of the colonies on the BL agar [according to the method reported by Mitsuoka (20) ].
The data are reported using common logarithms of bacterial counts per gram of feces or cecum content.
Analysis of BT. The rat pups were anesthetized with ether, and then placed in a bath containing 70% alcohol. The abdomen of the animal was opened, and the MLNs and liver were harvested for culture of translocated organisms using an aseptic procedure. Each tissue was placed in a sterile preweighed glass homogenizer and weighed. The tissue was homogenized with saline containing 0.2% peptone. Homogenate samples (100 L) were inoculated onto BL agar (Eiken) plates and incubated anaerobically for 72 h at 37°C. After incubation, bacteria were identified by observing colony shape and cellular morphology, Gram staining, and aerobic and anaerobic growth. The bacterial counts in the MLNs and the liver were expressed as the mean Ϯ SD of the log count.
Analysis of intestinal adherent bacteria. The small intestine and colon were harvested for culturing adherent bacteria using an aseptic procedure. Each organ was sliced open and the contents washed three times with 10 mL of sterile saline containing 0.2% peptone. Excess moisture remaining after the washes was absorbed with filter paper. Each organ was weighed and homogenized in 0.5 mL of saline containing 0.2% peptone with a homogenizer (Asahi Techno Glass Co., Tokyo, Japan) equipped with a glass cylinder (outer diameter ϫ length: 12 ϫ 35 mm). Subsequently, a 10-fold serial dilution of homogenates was prepared for each sample, and a sample of the suspension (100 L) was inoculated onto a BL agar plate. After anaerobic incubation for 72 h at 37°C, bacteria were identified by observing colony shape and cellular morphology, Gram staining, and aerobic and anaerobic growth.
Analysis of IgA in the small intestine and the plasma. The small intestine was opened along the mesenteric border, and the luminal contents were washed out in the same way as for the analysis of adherent bacteria. The organ was weighed and homogenized in 0.5 mL of PBS with a homogenizer (Asahi Techno Glass Co.) equipped with a glass cylinder (outer diameter ϫ length: 12 ϫ 35 mm). The blood was sampled with a syringe from the abdominal aorta. The homogenate and the blood were centrifuged at 3000 ϫ g for 20 min, and the supernatants were frozen at Ϫ40°C until used for the measurement of IgA content. Each sample was diluted 2-or 10-fold, and was analyzed with a rat IgA ELISA Quantitation Kit (Bethyl Lab. Inc., Montgomery, TX, U.S.A.).
Statistical analysis. The intestinal bacterial counts of two groups were compared using a t test, and differences among the three groups were compared using a one-way ANOVA and applying Fisher's post hoc test (p Ͻ 0.05). All statistical analyses were performed using StatView 4.1 (Abacus Concepts, Inc., Berkeley, CA, U.S.A.).
RESULTS
There were no significant differences in either the body weight or gain in body weight throughout the suckling period and after weaning among the AR, sham, and MR groups.
Fecal flora during the suckling period and after weaning. Figure 1 and Tables 2 and 3 show the development of individual bacterial groups in the feces of MR, sham, and AR rat pups during suckling and after weaning. We showed agedependent changes of bacterial flora in addition to previously reported data [d 10 and d 14 (12) ].
As shown in Figure 1A , Enterobacteriaceae was the predominant bacterial group in all feeding groups throughout the suckling period. After weaning, the number of Enterobacteriaceae declined rapidly in the MR and sham groups, whereas in the AR group the number declined more slowly. At d 28, the proportion of Enterobacteriaceae among total viable bacteria was less than 1% in the MR and sham groups, whereas in the AR group it was 30% on d 28 and 10% on d 42.
As shown in Table 2 , Clostridium was detected more frequently during late suckling and 1 wk after weaning in the AR group than the MR group. As shown in Table 3 , Bacteroides was not detected until d 18 in any of the three groups, and were detected in the feces of both MR and sham rats on d 21, but were not detected until d 25 in the AR group. Moreover, Bacteroides was detected in only 50% of rat pups in the AR group by d 42.
Cecal and adherent flora in AR, sham, and MR rat pups. Table 4 shows the composition of the cecal flora and the composition of the adherent bacteria in the tissue of the small intestine and colon in both breast-fed and formula-fed 10-d-old rat pups.
The cecal flora did not differ between the AR and MR groups at 10 d, but the numbers of the adherent bacteria of Enterobacteriaceae, Enterococcus and Streptococcus, and total bacteria in the small intestine were significantly larger in the AR group than the MR and sham groups. The numbers of these adherent bacteria in the sham group were values in between 366 those of the other two groups. In the colon, the adherent bacterial numbers were also values in between those of the others, although they were not significantly different. Adherent Clostridium was only detected in AR rat pups at 10 d.
Bacterial translocation in AR, sham, and MR rat pups. Table 5 shows the incidence and number of BT to the MLNs and liver in 10-d-old MR, sham, and AR rat pups. There was no difference in either value among the three groups. The incidence of BT to the liver was higher in AR rat pups than in either MR or sham rat pups. These results were consistent with our previous data. Viable bacteria in the liver were observed in eight of 17 rat pups in the AR group. No viable bacteria were observed in the 15 rat pups of the MR group, and viable bacteria were only detected in two of 13 rat pups in the sham group.
IgA concentration in the small intestine and in the plasma in AR and MR rat pups. Table 6 shows the total IgA concentration in the small intestinal tissue in AR and MR rat pups aged 14 d. IgA levels were higher in AR pups than in MR pups. The IgA concentration in plasma was also higher but not significantly in AR than in MR pups. 
DISCUSSION
367
ADHERENT MICROFLORA IN THE NEONATE to the intestinal mucosal surface is an important factor in BT, that intestinal mucus modulates bacterial adherence, and that increased levels of mucosal adherent bacteria are associated with a loss of intestinal barrier function to exclude bacteria. In our experiment, the bacterial counts in homogenate samples of the small intestine were significantly more than 10 times higher in the AR group than in the MR and sham groups ( Table 4) . The species composition of adherent bacteria was not the same as the intestinal flora, and the adherent bacterial count did not directly reflect the intestinal bacterial count. More experiments are needed to elucidate the capability to adhere to mucin or to epithelial cells of each bacterial species, and also to know the mucin levels in experimental groups, to understand how the MR and AR groups differ in mucosal adhesion of bacteria and BT. Antimicrobiologic components such as IgG, IgA, and lactoferrin are contained in maternal milk. The neonate takes these components from maternal milk, as the neonate itself cannot yet produce them at the same levels as a healthy adult (22 (7) 5.59 Ϯ 0.72 (7) Total bacteria 10.11 Ϯ 0.14 (7) 9.76 Ϯ 0.64 (9) 9.94 Ϯ 0.45 (7) Adherent bacteria in small intestine n ϭ 12 n ϭ 12 n ϭ 11 368 terminated (28) . In regard to the mechanism by which IgA eliminates intestinal pathogens from breast milk, it was reported that, using transmission electron microscopy and immunofluorescence, aggregates of IgA and Escherichia coli on the mucosal, but not submucosal, surface of the ileal membranes were revealed in vitro in rats (29) . We did not examine how much of the IgG or IgA from maternal milk entered the intestine of MR pups, although the IgA concentration of breast milk in one rat was approximately 12 mg/mL (30) . On the other hand, the intestinal mucosal tissue IgA concentration was significantly higher in AR pups than in MR pups at 14 d of age in our experiment. As shown in Table 6 , the average plasma IgA concentration was not significantly higher in the AR than in the MR pups. The plasma IgA concentration of AR pups in our experiment was approximately one third that at 4 wk of age of Sprague-Dawley rats (31) . These results would indicate that the mucosal IgA levels in the intestine of AR pups might not be high enough to prevent adhesion or translocation of intestinal bacteria compared with the levels in MR pups given IgA-rich breast milk. It is interesting that the AR pups might respond to produce more IgA in intestine and systemic blood, too, than MR pups. In histologic examinations of hematoxylin-eosin-stained sections of the duodenum and ileum by light microscopy, the number of interepithelial lymphocytes was significantly (two to three times) higher in AR than MR rat pups at 19 d after birth (E. Harada, unpublished data), indicating that the mucosal immunity of the AR pups might be strengthened more than that of the MR pups during the suckling period. These findings were not inconsistent with the increased BT and AdC in AR compared with in MR pups. In the small bowel mucosa of human patients in whom BT has been shown to occur, larger numbers of plasma cells and higher IgA and IgM values were presented (32) . These findings suggest that BT promotes an increased local immune response.
Köhler et al. (33) recently demonstrated that the IgA concentration in feces was significantly higher in breast-fed than formula-fed infants during the first 3 mo, although feces from breast-fed and formula-fed infants inhibited bacterial adhesion on Caco-2 cells to a similar level. They could not examine the bacterial adhesion levels in the intestine of the infants. Further study is needed to describe the relationship between IgA levels in the intestine and the difference of microbial adhesion among the experimental groups.
More BT to the liver was observed in rat pups during the suckling period in the AR group than in the MR group (Table  5 ). This observation is consistent with previous reports (12, 34 -38) . Also, the bacterial species involved in the translocation did not mirror the composition for the BC as in our previous report (12) . The higher count of adherent bacteria might induce the higher frequency of BT in 10 d. This suggests that the AR group with higher counts of adherent bacteria was exposed to a greater risk of BT than the MR group, indicating that control of adherent bacterial numbers might be important for protection against BT. For that reason, it should be confirmed whether levels of adherent harmful bacteria such as Enterobacteriaceae mirror the increased BC by harmful bacteria in AR compared with in MR pups after weaning or not.
The adherence of bacteria to the intestinal mucosa has been believed to be an essential and prerequisite step for BC and BT. Sansonetti (39) recently reviewed host-pathogen interactions and highlighted the diversity in the mechanisms of invasion of pathogenic bacteria. In that review, it was described that "[w]hen invasive microorganisms bind to the intestinal epithe- (40) showed antiinfectious effects of lactoferrin on the adherent bacterial count. On the other hand, the increased weight of the small intestine of AR compared with that of MR pups was histologically investigated, and the villi and smooth muscle layer was found to be more developed in the AR pups (19) . The higher counts of adherent bacteria in AR than in MR pups may partially result from these findings. Furthermore, the composition of the intestinal adherent bacteria was not similar to that of the translocated bacteria detected in MLNs and the liver (Table 5 ). Both Enterobacteriaceae and Lactobacillus were frequent adherent bacteria in the small intestine and colon. However, Lactobacillus was detected significantly less often in bacteria translocated to the MLNs and liver in comparison to Enterobacteriaceae. These findings suggest that there are differences in the invasive capability of bacterial species, and also that it is important to control the level of adherent bacteria.
Development of fecal flora in MR and AR rat pups during the suckling and weaning period. Suckling rats begin to nibble on their mother's food at around d, and this dramatically influences the pup's intestinal microflora. To avoid such problems, we used a specially designed cage to control weaning because the MR and sham pups in these cages and the AR pups were weaned at the same time, and were given the same solid food and water-there was no difference in body weight gain after d 21 between the MR and AR groups (data not shown). With the housing set up as above, the transient change in the pattern of fecal microflora, mainly Enterobacteriaceae (Fig.  1A) , and Bacteroides (Table3), during the 3 wk after weaning was quite different between the AR and MR pups.
As shown in Figure 1 and Tables 2 and 3 , the transition of fecal microflora in the sham group showed a more similar pattern to that in the MR group than in the AR group after weaning. Consequently, the differences observed between the MR and AR groups seemed to be caused by the formulation of milk (breast milk versus formula) rather than the effect of artificial cannulation. A high incidence and large number of Clostridium in the fecal microflora were observed even after weaning in AR rat pups compared with in MR rat pups (Table 2) . But, as shown in Table 3 , Bacteroides in the AR group started to appear after 28 d, later than in the MR group, although the counts of Bacteroides in the AR pups were almost the same as those in the MR group. Kleessen et al. (41) examined the influence of two infant formulas and human milk on the development of the fecal flora in newborn infants, and demonstrated that the protein composition of the formula affected the frequency of appearance and bacterial species. The rare appearance of Bacteroides in our experiment may be explained by the composition of the formula. During development, there are species-specific changes in the intestinal microflora (42) (43) (44) . Investigations (34, 42, 43) have shown that formula-fed infants have larger numbers of intestinal bacteria and greater isolation frequencies for Enterococci, Clostridia, and Enterobacteriaceae in their feces than breast-fed infants. These findings have been confirmed in some of our experiments during the suckling period as reported in our previous paper (12) . Even after weaning, Enterobacteriaceae was detected at higher levels in AR pups than in MR pups, although the same chow was fed to all the groups. More experiments would be needed to understand why the Enterobacteriaceae dominate the fecal content of AR pups.
CONCLUSIONS
In this study, the AR rat pups matured to the same degree as MR pups with respect to physical appearance. However, there were great differences in BC, BT, and AdC between the two groups: BT and AdC were both higher in the AR than in the MR group. Higher intestinal adherent bacterial counts were more closely correlated with a more frequent translocation of bacteria at 10 d in the suckling period. Also, undesirable bacteria like Enterobacteriaceae were more common in the feces of the AR group than of the MR group during the 3 wk after weaning. These differences in the intestinal environment would not normally cause serious problems. However, the weaker intestinal barrier of formula-fed newborns may make them more susceptible than breast-fed newborns to bacterial infection by BT.
